Exposure to concentrated ambient fine particulate matter (PM2.5) has been associated with cardiovascular diseases (CVDs). The barrier function of vascular endothelial cells is critical for the development of CVDs. Here, we employed human umbilical vein endothelial cells to clarify the function of ambient PM2.5 pollution in the regulation of membrane permeability of vascular endothelial cells. The results show that a high concentration of PM2.5, which mainly includes heavy metals and polycyclic aromatic hydrocarbons, induces barrier dysfunction of vascular endothelial cells. This was mediated in part by promoting IL-6 expression, which then increases the transcriptional activity of HIF-1a by promoting its translocation to the nucleus. Our findings indicate that concentrated PM2.5 can destroy membrane integrity and promote permeability in vascular endothelial cells, thereby contributing to the development of CVDs.
Exposure to concentrated ambient fine particulate matter (PM2.5) has been associated with cardiovascular diseases (CVDs). The barrier function of vascular endothelial cells is critical for the development of CVDs. Here, we employed human umbilical vein endothelial cells to clarify the function of ambient PM2.5 pollution in the regulation of membrane permeability of vascular endothelial cells. The results show that a high concentration of PM2.5, which mainly includes heavy metals and polycyclic aromatic hydrocarbons, induces barrier dysfunction of vascular endothelial cells. This was mediated in part by promoting IL-6 expression, which then increases the transcriptional activity of HIF-1a by promoting its translocation to the nucleus. Our findings indicate that concentrated PM2.5 can destroy membrane integrity and promote permeability in vascular endothelial cells, thereby contributing to the development of CVDs.
There is increasing concern about the potential deleterious effects of ambient air pollution, which is currently recognized as a significant risk to global public health. A growing body of epidemiological and clinical research data have demonstrated that short-and long-term exposure to ambient particulate matter less than 2.5 lm in aerodynamic diameter (PM2.5, fine particles) is linked to an increase in cardiovascular disease (CVD), morbidity and mortality, particularly in accelerating atherosclerosis (AS) development [1] [2] [3] [4] [5] . Several recent reports provide experimental evidence that demonstrates that the translocation of PM2.5 from the lung and directly into the blood exacerbates the progression of AS by initiating acute inflammatory responses [6] [7] [8] . However, the underlying pathophysiologic mechanisms that link PM2.5 exposure to AS remain elusive.
Atherosclerosis is a disease that involves the arteries and is recognized as the primary cause of CVDs, particularly in westernized societies. Research investigations have indicated that the elevated permeability of the vascular endothelium, which is the innermost layer of the artery, is a key early event in the formation of AS lesions [9] [10] [11] . The endothelium is the major constituent of the vascular wall, which acts as a selective barrier to control permeability of plasma components. An increase in the permeability of endothelial cells generally results in the accumulation of fat and cholesterol within the arterial walls. This in turn induces plaque buildup, which causes shrinkage of the diameter of arteries, thereby impeding blood flow and ultimately resulting in oxygen shortage. During AS progression, an enlarged plaque may break off into smaller pieces, thus causing the formation of a blood clot, which can block arteries, cut off its blood supply, and cause life-threatening cardiovascular events. Therefore, endothelial permeability is critical for the formation and development of AS.
Earlier studies have indicated that hypoxia and inflammation can increase endothelial permeability [12] [13] [14] . Therefore, the level of hypoxia-inducible factors (HIFs) is often elevated in patients with inflammatory disorders [15, 16] . It has been previously reported that PM2.5 induces cardiac hypoxia [17] . However, whether exposure to PM2.5 results in the induction of hypoxia in endothelial cells remains unknown. This has therefore prompted us to hypothesize that exposure to PM2.5 promotes inflammation that induces hypoxia in vascular endothelium cells (VECs), which in turn increases the permeability of the endothelium.
In this study, we used VECs to define the possible role and the underlying mechanism of PM2.5 in cellular injury. 2) was used to apportion sources of PM2.5 as previously described [19] .
Materials and methods

Regents and antibodies
DAPI (4 0 ,6-diamidino-2-phenylindole) (KGR0001)
Cell culture
Human umbilical vein endothelial cells (HUVECs) were obtained from the American Type Culture Collection (ATCC, VA, USA) and cultured in EGM endothelial cell growth medium (CC-3121) with supplements (CC-3124), which were purchased from Lonza (MD, USA). Cells were incubated at 37°C in a humidified chamber containing 5% CO 2 . Lipofectamin 3000 (Invitrogen, Carlsbad CA, USA) was used to transfect siRNA at a final concentration of 100 nM.
Analysis of cell viability
The HUVECs were plated at density of 2000 cells/well in 96-well plates. Then, the indicated concentration of PM2.5 was added 24 h later and incubated at 37°C for 24 h. Cell viability was evaluated using the Cell Counting Kit-8. The data were obtained from three independent experiments. The percentage of viability was calculated using the following equation:
Vascular permeability assay
Human umbilical vein endothelial cell monolayers were plated on the Transwell TM (Corning, Inc., Corning, NY, USA) insert and cultured until confluent. The chambers were washed with hydroxyethyl piperazine ethanesulfonic acid (HEPES) medium (endothelial cell growth medium), and FITC-dextran (Invitrogen, Carlsbad, CA, USA) was added to the top chamber. After 24 h, the samples were removed from the bottom chamber and its absorbance was measured using a fluorometer (Berthold, Germany) at an excitation wavelength of 485 nm and an emission wavelength of 520 nm. The data were expressed as the mean of three experiments.
Cytokine quantitation
The HUVECs were treated with various concentrations of PM2.5 (0, 40, and 80 lgÁmL À1 ). Then, the cell culture media and the total protein of the cells (collected using RIPA lysis buffer) were collected for cytokine detection. Cytokine expression was detected by conducting a Bio-Plex Pro TM Human Cytokine 8-plex Assay (#M50-000007A, BioRad, Hercules, CA, USA) using both cell culture medium and cell lysate.
Quantitative real-time PCR
Total RNA was extracted from treated cells using TRIzol, following the manufacturer's instructions. Total RNA (500 ng) was reverse transcribed using a PrimeScript TM RT Reagent Kit (RR037A, Takara, Japan), and relative quantity analysis of cytokines was conducted using SYBR Ò Premix Ex Taq TM (Tli RNase H Plus) (RR037A, Takara, Japan). All the experiments were performed following the manufacturer's guidelines. b-actin was used as loading control. All the primers (Table S1 ) were synthesized by Sangon Biotech (Shanghai, China).
Western blot analysis
The total proteins from cells were prepared using RIPA lysis buffer, and 100 mM PMSF (Sigma) was added according to the manufacturer's recommendation. Proteins were separated by 10% SDS/PAGE, and then transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The membrane was washed with TBST [10 mM Tris-HCl (pH 7.6), 150 mM NaCl, 0.05% Tween-20], blocked with 1% BSA for 1 h, and then incubated with the appropriate primary antibodies overnight at 4°C. The membrane was washed and then incubated with horseradish peroxide (HRP)-labeled secondary antibody for 1 h at room temperature. Bands were visualized with an ECL Western Blot Detection System (Cell Signaling Technology, Beverly, MA, USA). Images of the bands were captured using the Molecular Image Ò Chemi-
with IMAGE LAB TM Software (Bio-Rad Laboratories, Inc.). GAPDH was used as loading control.
Immunofluorescence assay
The HUVECs (4 9 10 5 cells/well) were plated in 6-well plates and treated with PM2.5 at the concentration of 80 lgÁmL
À1
. At 24 h post-treatment, the cells were fixed for 20 min with 4% paraformaldehyde and incubated in 0.2% Triton-X 100 for 15 min to allow permeabilization. Then, the cells were incubated with the corresponding primary antibody overnight at 4°C, washed in PBS, and then incubated with fluorescently labeled secondary antibody for 1 h at room temperature. The fluorescent signal was viewed under a fluorescent microscope (Ti-S, Nikon, Japan).
Enzyme-linked immunosorbent assay
The cell culture media of the NC group and PM2.5 group were collected, and the levels of IL-6 were analyzed using human IL-6 ELISA Kit (EK0410, Boster) according to the manufacturer's instructions. Each sample was assayed in three independent experiments.
Statistical analyses
All data were expressed as the mean AE SD. Significant differences among individual groups were identified by ANOVA. All tests were performed using SPSS 19 (IBM Corp, Armonk, NY, USA), and P < 0.05 was considered statistically significant.
Results
PM2.5 inhibits vascular endothelial cell viability
Ten potential sources of PM2.5 from Beijing were identified using metal and organic tracers (Table 1) . These sources were mainly composed of heavy metals, including aluminum (Al, 23-37%), iron (Fe, 28-29%), calcium (Ca, 13-17%), and zinc (Zn, 0.17-4%), and polycyclic aromatic hydrocarbons [PAHs (5, 6), 16-31%] . The proliferation of vascular endothelial cells (VECs) plays an important role in the development of AS. However, PM2.5 toxicity in VECs via blood circulation is unknown. To evaluate cellular toxicity of PM2.5 on VECs, the indicated concentration of PM2.5 was exposed to precultured HUVEC cells for 24 h. Figure 1 shows that PM2.5 markedly inhibited HUVEC viability in a dose-dependent manner and showed antiproliferation activity, with an IC 50 value of 80 lgÁmL
À1
. However, whether PM2.5 affects the function of VECs was unknown.
PM2.5 causes endothelial permeability
Experiments evaluating whether PM2.5 induces endothelial permeability were first performed using confluent monolayers of cells that were exposed to PM2.5 for 24 h. Figure 2A shows that the confluency rate of the cultured cells decreased. FITC-dextran was employed to further confirm endothelial cell permeability after PM2.5 exposure. When HUVEC monolayers on culture inserts were treated with PM2.5, endothelial cell permeability, which was measured by the diffusion of FITC-dextran across the HUVEC sheet, significantly increased compared to that observed in untreated control cultures (Fig. 2B) .
PM2.5 exposure promotes the secretion of IL-6 in VECs
Previous studies have shown that inflammatory signaling increases the permeability of VECs during CVD progression, including AS [20, 21] . The inflammation signaling cytokines (interleukins, lymphokines, tumor necrosis factor, etc.) involved in regulating barrier dysfunction in VECs using a high concentration of PM2.5 has not been identified. Therefore, the cell culture media and total protein of the cells from the NC and PM2.5 groups were collected, and Bio-Plex Pro identify inflammation-related signaling molecules that might be affected by the high concentration of PM2.5 in VECs. The results indicated that IL-6 was significantly elevated in the cell culture medium (Fig. 3A) , but not in the cells (Fig. 3B) . These complementary results suggest that high concentrations of PM2.5 initiate the inflammatory signaling pathway by promoting the secretion of IL-6 in VECs.
PM2.5 exposure activates hypoxia-inducible factors
Previous reports have shown that inflammatory lesions result in hypoxia, which in turn improves endothelial permeability and increases transcriptional activity of HIF-1a, thereby promoting its expression and nuclear translocation [15, 16, 22] . Moreover, an earlier investigation indicated that PM2.5 induces cardiac hypoxia and the HIF-1a expression up-regulation [17] . However, whether PM2.5 exposure induces HIF-1a overexpression in VECs has not been established. Therefore, total RNA was extracted from VECs treated with PM2.5 for 24 h, and quantitative RT-PCR (qRT-PCR) were performed to determine the level of expression of HIF1a. The results indicated that PM2.5 induced HIF-1a gene expression in a dose-dependent manner (Fig. 4A) .
On the other hand, the protein expression of HIF-1a was further confirmed by western blotting, and the protein band intensities were quantified and normalized to those of GAPDH. The same induction of protein expression was observed in the cells that were exposed to PM2.5 (Fig. 4B ). In addition, PM2.5 (80 lgÁmL À1 ) exposure for 24 h promoted the nuclear translocation of HIF-1a in VECs (Fig. 4C) .
Role of HIF-1a in PM2.5-induced IL-6 production and cell death in HUVEC cells
To explore the role of HIF-1a in PM2.5-induced cytokine expression, HUVEC cells were transfected with HIF-1a siRNA. Subsequently, mRNA and the protein levels of IL-6 and HIF-1a were analyzed. The transcript levels of HIF-1a and IL-6 were both increased after PM2.5 stimulation; however, after HIF-1a knockdown by siRNA, the mRNA expression of IL-6 sharply increased by 2.5-fold compared with the control group (n = 3, P = 0.016) (Fig. 5A) . The detected protein levels of HIF-1a (Fig. 5C ) by western blot and IL-6 secretions (Fig. 5B ) by ELISA were roughly in agreement with the gene expression analysis. In order to understand the role of HIF-1a in PM2.5-induced cell death, HUVEC cells were transfected with HIF-1a siRNA before exposure to PM2.5 (80 lgÁmL À1 ) for 24 h. The viability of HUVEC cells was detected using CCK-8. Results showed that the viability of the siHIF-1a group decreased by 20% compared with the control group and by 23% relative to the NC knockout group (n = 4, P < 0.05) (Fig. 5D ).
PM2.5 induces barrier dysfunction in VECs by targeting IL-6-mediated up-regulation of transcriptional activity of HIF-1a
Previous reports have indicated that hypoxia and inflammation increases endothelial permeability [12] [13] [14] . However, the regulatory mechanism between inflammation and hypoxia in high concentrations of PM2.5 in relation to barrier dysfunction in VECs remains elusive. To address this question, the effect of IL-6 on the expression of HIF-1a in VECs was analyzed. VECs treated with the indicated concentration ). IL-6, IL-8, and GM-CSF were detected, but only IL-6 was secreted at a high level and significantly changed upon PM2.5 exposure (n = 3). *P < 0.05. Data for several cytokines (e.g., IL-2, IL-10, etc.) are not shown.
of IL-6 for 24 h resulted in a marked increase in HIF1a transcription (Fig. 6A) . Moreover, a similar up-regulation in HIF-1a protein was observed in IL-6 treated VECs (Fig. 6B) . Taken together, our data demonstrated that HIF-1a might be a key mediator of IL-6 in the regulation of endothelium permeability during exposure to high concentrations of PM2.5.
Discussion
This study has clearly demonstrated the role of particulate matter (PM2.5) on vascular endothelial cells (VECs) barrier function. Our findings support a model that exposure to high concentrations of PM2.5 directly results in an increase in the secretion of IL-6, which then up-regulates the expression and promotes nuclear translocation of HIF-1a, thereby suppressing cell proliferation and increasing membrane permeability in VEC.
Several previous reports have indicated that the toxicity of PM2.5 is directly related to its composition [23] [24] [25] . Therefore, most of the effects associated with PM2.5 in the present study are likely due to its main components, namely, heavy metals and PAHs (5, 6) . One of main components of PM2.5 from Beijing, PAH (5, 6), which is mainly produced from automobile exhaust fumes, can cause cardiovascular events [26] . However, its effect on early vascular cells (EVCs) involved in systemic circulation remains elusive. Our study demonstrated that concentrated PM2.5, which includes a high content of heavy metals and PAHs, significantly increased membrane permeability. However, further studies examining its contribution to barrier dysfunction in EVCs are warranted.
Although numerous studies have indicated that PM2.5 can destroy the cardiovascular system thus resulting in morbidity and mortality in relation to cardiovascular disease (CVD), its underlying mechanisms remain largely unknown. Previous studies have demonstrated that PM2.5 induces endothelial dysfunction in pulmonary arteries by triggering local inflammation, followed by the secretion of proinflammatory cytokines that further mediate advanced cardiovascular events [27] . It has also been indicated that acute and long-term exposure to PM2.5 induces endothelial dysfunction in systemic arteries [27] [28] [29] . Nevertheless, the direct effect of PM2.5 on VECs is still unknown. Due to its small aerodynamic diameter, PM2.5 could diffuse into the blood circulation from the respiratory system and directly come into contact with VECs, which is the innermost layer of the blood vessels. Therefore, PM2.5 may pose a direct threat to VEC barrier function. Our study has confirmed that PM2.5 can directly destroy the membrane barrier function of VECs upon entry into the blood circulation. As previously reported, endothelial permeability is critical for the formation and development of AS [9] [10] [11] .
Numerous reports have demonstrated that PM2.5 exposure causes barrier dysfunction of the pulmonary capillary bed by inducing the expression of inflammatory cytokines [27] . Moreover, this inflammatory response could increase membrane permeability by promoting ROS/TRPM2/Calpain/ZO-1 signaling, which is PM-activated reactive oxygen species (ROS), transient receptor potential channels (TRPM2) promotes zonula occludens-1 (ZO-1) degradation by calcium-activated neutral protease (calpain) or alternating the expression of endothelial activation factors [30] . However, the regulatory mechanism of inflammatory cytokines that are involved in membrane permeability has not been established. In fact, PM2.5 has been widely demonstrated to induce cytokine secretions upon exposure to epithelial cells in vitro. IL-6 could cause cell membrane damage and induce endothelial cell contraction [31] by affecting myosin light chain kinase (MLCK) [14] . Cellular and IL-6 levels were both up-regulated in the PM2.5 treatment only group. However, in cells with HIF-1a down-regulated by siRNA, IL-6 mRNA expression significantly increased upon PM2.5 exposure (n = 3). (B) IL-6 secretion in the culture medium was detected by ELISA after HIF-1a silencing and PM2.5 treatment. IL-6 production increased in the PM2.5-treated only group but was significantly up-regulated in the siHIF-1a/ PM2.5 treatment group, compared to the other groups. Values are expressed as the mean AE SD of three independent experiments (n = 3). (C) HIF-1a protein production was up-regulated in the PM2.5 treatment only group and down-regulated in the siHIF-1a group. (D) After transfection with HIF-1a siRNA, HUVECs were exposed to PM2.5 (80 lgÁmL
À1
) for 24 h, and their viability was detected by CCK-8. The viability of the siHIF-1a group decreased by 20% compared to that of the control group and 23% versus the NC knockout group (n = 4, *P < 0.05).
adaptations to hypoxia processes depend on the transcription factor, HIF-1a, which is often degraded and located in the cytoplasm under normoxic conditions, but its stability and transcriptional activity is significantly increased during hypoxia [22] . In the present study, we demonstrated that concentrated PM2.5 promotes inflammation and increases the expression of IL-6, which then activates the transcriptional activity of HIF-1 in VECs. Altogether, the functional and molecular alterations observed in VECs may provide a new evidence that elucidates the mechanism underlying the development of CVDs in response to PM2.5 exposure.
In summary, our findings have demonstrated that PM2.5 is critically involved in the endothelial permeability in systemic blood vessels and may serve as a potential threat to cardiovascular disease. In parallel, a proportional increase in HIF-1a protein was also observed using western blotting assay. The intensities of the protein bands were quantified and normalized to those of GAPDH. The data are expressed as the mean AE SD. *P < 0.05; ***P < 0.001.
